ABSTRACT Multielectron storage and hydrogen generation by light is achieved in aqueous dispersions of ultrafine TiO2 particles (120-A diameter) when the amphiphilic viologen derivative N-tetradecyl-N'-methyl-4,4'-dipyridinium dichloride (CM4MV21) is used as an electron relay. Consecutive reduction of C14MV2+ to the radical ion (C14MV+) and neutral (C14MV0) was observed after band-gap excitation of the semiconductor particle. Through surface adsorption of the relay, these electron-transfer reactions can occur very rapidly and are completed within less than 100 pisec (pH 11). Two-electron reduction of C14MV2+ can be coupled with H2 generation in alkaline medium in the presence of Pt catalyst codeposited onto the TiO2 particle. Electron-relay-free systems are 1/15th as efficient in producing H2 at the same pH.
Colloidal semiconductors have several advantageous features (1-7) that make them attractive candidates to be used as lightharvesting units in solar energy devices. The idea of using colloidal semiconductors in photoconversion devices has been discussed by Nozik (8, 9) . The concept of photoelectrochemical reactions on semiconductor particles dates back to the discoveries of Emil Baur (10) . For a recent review, see ref. 11. Particularly intriguing is the possibility of surface modification of the semiconductor particle by chemisorption, derivatization, or catalyst deposition to achieve light-induced charge separation (12) and subsequent fuel-generating dark reactions. The present study illustrates successful molecular engineering with such systems. By using aqueous dispersions of ultrafine TiO2 particles in conjunction with the amphiphilic redox relay, CH3-(CH2)l-Q--H3 (C14MV2+), striking electron storage and hydrogen generation effects are demonstrated.
MATERIALS AND METHODS
Colloidal solutions of TiO2 were prepared by slowly adding 5 g of TiC14 (Fluka purissimum) distilled under vacuum to 200 ml of water at 0°C. The solution was dialyzed until the pH reached a value of ca. 3. Precise determination of the TiO2 content was carried out as described (5 To substantiate the assignment of the 380-nm peak to C14MV0, two-electron reduction of C14MV2+ was performed chemically by using dithionite as a reductant (16) and aqueous micellar solutions of Triton X-100 as a reaction medium. The spectrum of the product obtained has features ( Fig. 2 ) identical with those of the photoproduct shown in Fig. 1 except that the absorption maximum of the bipyridylene is at 400 instead of 380 nm. We attribute this shift of the absorption maximum to adsorption of the doubly reduced viologen to the surface of the TiO2 particles. Spectral shifts due to adsorption onto mineral supports have been shown for a large number of chromophores including Ru(bipy)2+ (21) and other transition metal ion complexes (22) .
Independent experiments involving oxygen confirmed the two-electron nature of the C14MV2' reduction in the colloidal TiO2 dispersion. When a solution containing the yellow product of C14MV2+ photoreduction by colloidal TiO2 is exposed to air, the blue color of C14MV2+ is formed first, which subsequently fades to yield colorless C14MV2+. (This reduction-reoxidation cycle can be repeated many times.) Apparently the reoxidation of C14MV0 occurs in two distinct steps, C14MV0 + 02 -* C14MV+ + 02 C14MV+ + 02 -C14MV2 + -
Interestingly, the first reaction was found to occur much less rapidly than the second one, showing that C14MV0, despite its more reducing nature, is less reactive towards 02 than is C14MV+.
Abbreviation: PVA, poly(vinyl alcohol).
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The mechanism of light-induced C14MV0 formation involves band-gap excitation of TiO2 particles generating electron-hole pairs (Fig. 3) . Conduction band electrons, eCB, reduce C14MV2+ first to the radical cation ki ecB + C14MV2+ -C14MV+ [3] and subsequently to the bipyridylene k2 C14MV+ + ecB C14MV0.
[4] Adhesion of the amphiphilic relay to the surface of TiO2 particles allows both electron-transfer processes to occur at a very rapid rate. Application of the laser photolysis technique yields for pH 11 the rate constants k1 = 10' sec-1 and k2 = 5 x 104 sec 1.* Therefore, two-electron reduction is completed in less than 100 As to the valence-band process occurring in parallel with the reaction of conduction-band electrons, it is indicated in Fig. 2 that this comprises oxidation of water to oxygen, competing with hole-scavenging by the PVA polymer used to stabilize the sol.
However, the latter process has been shown to be rather inefficient on TiO2 colloids (5 h+ + C14MV0 -> C14MV+. Laser photolysis technique was applied to preirradiated C14MV2+/TiO2 solutions in order to monitor this reaction. Fig.   1 Inset shows the temporal behavior of the absorption at 602 nm. The sharp rise in the signal after the laser pulse is due to C14MV+ formation by reaction 5, whereas the subsequent absorption decay indicates the time course of C14MV+ reduction by conduction-band electrons (Eq. 4). In accordance with this interpretation, one finds that the 380-nm absorption behaves as the exact mirror image of the optical events at 602 nm: rapid bleaching after the laser pulse is followed by recovery of the original absorption, which obeys the same time law as the 602-nm decay. One concludes that, under illumination of TiO2/ C14MV2+ solutions, a state is approached where cyclic electron transfer (i.e., the sequence of reactions 4 and 5) occurring on individual TiO2 particles maintains the electron relay in the doubly reduced form.
Attempts to exploit this two-electron storage system to achieve light-induced hydrogen generation in alkaline aqueous medium gave very encouraging results. TiO2 particles (500 mg/liter) loaded with 1.5% Pt by a published procedure (2) were used in these experiments. The solution volume was 5 ml, and the pH was adjusted to 12 with NaOH. Vigorous hydrogen generation (0.5 ml/hr) was observed in C14MV2+-containing samples, while blank experiments with TiO2/Pt dispersions in the absence of C14MV2+ yielded only 35 ,ul of H2 per hr. Apparently, the cooperation of functional electron relay and catalyst on the surface of the semiconductor particle gives much better yields of hydrogen than do catalyst deposits alone.
In conclusion, we have illustrated two-electron storage and hydrogen generation by light in colloidal semiconductor dispersions, using an amphiphilic viologen as an electron relay. [5] Chemistry: Gratzel and Moser 
